The Hoffstein formula is the most widely used equation to predict optimal CPAP pressure in patients with obstructive sleep apnea, but it is based on data from white patients. The purpose of this study was to develop an equation for optimal CPAP based on data from Asian patients, and to compare this new formula with the Hoffstein formula. METHODS: We retrospectively reviewed the records of 356 Korean subjects with obstructive sleep apnea who had undergone successful CPAP titration, and randomly divided them into 2 groups, with 178 subjects per group. In group 1 we used stepwise multiple linear regression analysis to develop a predictive equation for optimal CPAP. Then we compared our equation 
Introduction
The use of CPAP as a treatment for obstructive sleep apnea (OSA) was first proposed in 1981. 1 CPAP is now well known to reduce the symptoms and cardiovascular complications associated with OSA. 2, 3 A laboratory CPAP titration is typically performed to determine the pressure required to eliminate apnea, 4 but this procedure is timeconsuming and often associated with a delayed CPAP initiation. Thus, several researchers have proposed other methods to determine optimal CPAP settings for OSA patients, such as a split-night study, 5 auto-CPAP titration, 6 and CPAP prediction formulas. [7] [8] [9] [10] [11] [12] [13] Using auto-CPAP has largely solved this practical issue related to laboratory CPAP titration. But it should be avoided in some patients, such as those with congestive heart failure, substantial lung disease, or obesity hypoventilation syndrome. 14 Therefore, using a CPAP prediction formula remains useful in clinical practice, especially in these specific populations.
CPAP prediction formulas derived from sleep measurements and anthropometric parameters are used to set the initial CPAP level during CPAP titration, and during initiation of CPAP therapy when titration is not used. Hoffstein et al 7 developed and validated a formula to predict optimal CPAP settings. 15, 16 However, this formula is not always adequate for establishment of optimal pressure. 17 In particular, the Hoffstein equation considers body mass index (BMI), neck circumference, and apnea-hypopnea index (AHI), but does not consider race or lifestyle, factors known to affect the severity of OSA. 18 Asians with lesser degrees of obesity are at risk for a more severe degree of illness, compared with whites. In addition, craniofacial factors are important determinants of OSA risk. [19] [20] [21] Thus, a different formula may be needed to determine optimal CPAP level for Asian OSA patients. The purpose of this study was to develop an equation for optimal CPAP pressure in Asian patients, and to compare this new equation with the original Hoffstein equation.
Methods

Subjects
We retrospectively studied subjects with OSA who were at least 18 years old and had undergone CPAP titration at the Asan Medical Center sleep laboratory, from April 2008 to March 2011. All subjects had OSA, defined as an AHI Ͼ 5 events/h, which was diagnosed at an initial overnight diagnostic polysomnography. A second polysomnographic titration study to determine the optimal CPAP level was performed within 2 months of the first polysomnography. We excluded patients with acute stroke or other severe medical problems, or who were taking sleeping drugs. During the enrollment period, 438 patients with OSA had undergone CPAP titration in our laboratory. We enrolled only subjects with optimal and good titration. Optimal titration was defined as reduction of Respiratory Disturbance Index (RDI) Ͻ 5 for at least a 15-min duration, including supine REM sleep at the selected pressure that is not continually interrupted by spontaneous arousals or awakenings. And good titration was defined as reduction of RDI by Յ 10 events/h, or by 50% if the baseline RDI was Ͻ 15 events/h, and should include supine REM sleep. 4 We excluded 32 patients who failed CPAP titration and 40 patients who had unsuccessful results, which were defined as RDI of 10 events/h or more or no supine REM sleep at the selected pressure. 4 We recorded Epworth Sleepiness Scale (ESS) score and anthropometric variables, including age, height, weight, and neck circumference. The study was reviewed and approved by the institutional review board of the Asan Medical Center.
Polysomnography
Polysomnography was performed according to established standards 22, 23 (RemLogic 2.0, Embla Systems, Thornton, Colorado), and included electroencephalography (C3-A2, C4-A1, F3-A2, F4-A1, O1-A2, O2-A1), electrooculography (ROC-A1, LOC-A2), electromyography, electrocardiography (modified V2 lead), S pO 2 , and a microphone to detect snoring. Electromyography was recorded on the chin and both anterior tibial muscles. Air flow assessment was performed with an oronasal thermistor and a nasal pressure transducer. Thoracoabdominal movement assessment was performed by respiratory inductance plethysmography. Snoring was detected by a microphone.
Sleep and associated events were scored according to the American Academy of Sleep Medicine manual (2007). 23 Sleep stages were identified for each 30-second epoch by a well trained registered polysomnographic technologist. An apnea was defined as a drop in the peak thermal sensor excursion by at least 90% from baseline for at least 10 seconds. A hypopnea was defined as a nasal pressure signal drop of at least 30% from baseline for at least 10 seconds with at least 4% reduction of S pO 2 from the pre-event baseline. A respiratory-effort-related arousal was defined as a sequence of breaths lasting at least 10 seconds, characterized by flattening of the nasal pressure waveform and leading to arousal from sleep, when the sequence of breaths did not meet criteria for apnea or hypopnea. The AHI was defined as the ratio of apneas and hypopneas per hour, and the RDI was calculated as the average number of episodes of apnea, hypopnea, plus respiratory-effort-related arousal per hour. Total sleep time was defined as total minutes in purely N1, N2, N3, and REM sleep.
CPAP Titration
For CPAP titration a standard polysomnography, as described earlier, was performed by a well trained registered polysomnographic technologist, using the REMstar Plus M series w/C-flex (Respironics, Murrysville, Pennsylvania). CPAP was manually titrated until the lowest effective CPAP level was reached based on clinical guidelines. 4 The starting CPAP was 4 cm H 2 O, and the pressure was increased by at least 1 cm H 2 O within an interval of 5 min or more. CPAP was increased if there were 2 obstructive
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Current knowledge
The Hoffstein formula, which is often used to predict the optimal CPAP pressure in patients with obstructive sleep apnea, is based on data from white patients, and the formula's applicability to people of other ethnicities is unclear.
What this paper contributes to our knowledge
The Hoffstein equation did not accurately predict the optimal CPAP in Korean patients. A new CPAP prediction equation based on data from the Korean subjects was more accurate, but use of the equation is limited in that it did not accurately predict the prescribed CPAP level. apneas, 3 hypopneas, or 5 respiratory-effort-related arousals, or at least 3 min of loud or unambiguous snoring. The titrated CPAP level was defined as the lowest effective pressure.
Statistical Analysis
We randomly divided our 356 subjects into 2 groups (each with 178 persons) and chi-square test or independent t tests were used to assess differences of variables between groups. These variables included 4 anthropometric parameters (age, sex, BMI, neck circumference), 12 polysomnographic parameters (sleep latency, sleep efficiency, sleep time [N1, N2, N3, REM, and total]), AHI, RDI, minimal S pO 2 , mean S pO 2 , and ESS. In group 1 we used the Pearson correlation test or an independent t test to evaluate the association of these variables with titrated CPAP level. Variables with P values Ͻ .05 in the univariate analysis were entered into a stepwise multiple linear regression analysis to identify independent predictive variables and to develop a predictive formula for optimal CPAP.
In group 2 we compared the regression equation derived from group 1 with the Hoffstein formula by use of Pearson correlation and paired t test. Prediction was classified as optimal estimation (difference of measured pressure and predicted pressure of 1 cm H 2 O or less), underestimation (Ͼ 1 cm H 2 O low), or overestimation (Ͼ 1 cm H 2 O high). We also examined frequency histograms (pressure of CPAP titration -pressure of prediction) to determine how well predicted pressure approximated titrated pressure in individual subjects. Results are presented as means Ϯ standard deviations. Statistics software (SPSS 18, SPSS, Chicago, Illinois) was used for the statistical analysis, and a P value Ͻ .05 was considered significant.
Results
We retrospectively evaluated 356 subjects (313 men, 43 women). The mean BMI was 26.5 Ϯ 3.8 kg/m 2 , mean RDI was 44.7 Ϯ 19.1 events/h, and mean AHI was 39.2 Ϯ 24.8 events/h, consistent with severe OSA. Subjects were randomly divided into 2 groups, with 178 subjects per group. There were no significant differences between the 2 groups in age, sex proportions, neck circumference, BMI, ESS, and polysomnographic data, including AHI and RDI (Table 1) .
In group 1, univariate analysis indicated that the measured CPAP pressure was significantly associated with BMI, neck circumference, ESS, N1, N2, total sleep time, AHI, RDI, minimal S pO 2 , and mean S pO 2 ( Table 2) .
Stepwise multiple regression analysis indicated that BMI, minimal S pO 2 , RDI, and ESS were independent predictors of the measured CPAP pressure (Table 3) . We used these parameters to develop an equation to predict optimal CPAP pressure (P pred ): P pred ϭ 6.656 ϩ 0.156 ϫ BMI -0.071 ϫ minimal S pO 2 ϩ 0.041 ϫ RDI ϩ 0.094 ϫ ESS This equation accounted for 38.9% of the total variance (R 2 ϭ 0.39, P Ͻ .001). Next, we compared the pressure predicted by our formula (P pred ) and the Hoffstein formula (P Hoff ) in group 2. The results indicate that P pred was positively correlated with the titrated pressure (Fig. 1, r ϭ 0.49, P Ͻ .001) and that P Hoff was also positively correlated with the titrated pressure (r ϭ 0.50, P Ͻ .001).
Our formula provided an optimal estimation of CPAP pressure for 69 subjects (38.8%) and the Hoffstein formula provided an optimal estimation of CPAP pressure in 65 subjects (36.5%) ( Table 4 ). The rate of underestimation was greater for the Hoffstein formula (51.7%, 92 subjects) than for our formula (25.8%, 46 subjects), and the rate of overestimation was greater for our formula (35.4%, 63 subjects) than for the Hoffstein formula (11.8%, 21 subjects) (see Fig. 1 and 2 ).
Discussion
We examined a large group of OSA subjects who had undergone CPAP titration, developed a new CPAP pres- Our study showed that degree of daytime sleepiness assessed by ESS was significantly and independently related to titrated CPAP pressure. Multivariate regression analysis indicated that ESS was related to titrated optimal pressure (␤ ϭ 0.10 Ϯ -0.031, P ϭ .003). The presence of the variable ESS in our equation differentiates our CPAP formula from all other previously proposed CPAP formulas. [7] [8] [9] [10] [11] [12] [13] Most investigators did not evaluate a variable related to daytime sleepiness, such as ESS, to develop their CPAP predictive formula. Stradling et al 11 included ESS in variables evaluated for their formula. However, ESS was not a significant predictive factor and so was not included in their predictive formula. It was probably because they included only OSA patients with elevated ESS (Ն 10).
The effect of race on the determination of optimal CPAP pressure should be taken into consideration. In this study the Hoffstein equation tended to underestimate optimal CPAP level for our Asian subjects, compared with our equation. In general, Asian patients are less obese than Western patients, which was also supported by our data. The mean BMI of our subjects (26.5 Ϯ 3.8 kg/m 2 ) was much lower, comparing to that of the Hoffstein study (34 Ϯ 8 kg/m 2 ). Also, craniofacial structures contribute differentially to OSA in Asian and white patients. Asian patients exhibited more craniofacial bony restriction, 13, 24 which was characterized by shorter anterior cranial base and narrower cranial base flexure than whites, when matched for BMI and age. 24, 25 In addition, the coefficients of determination in CPAP predictive formulae seem to be low (0.39 -0.47) in studies of Asians, 8, 9, 13 including our subjects, and to be relatively high (0.67) in studies of whites. 12, 15 This suggests that variables not traditionally considered when developing CPAP pressure prediction formulas may have greater influence in Asian patients than in other populations.
In the literature review we found 3 previous studies to develop CPAP predictive formulae in the Asian population. Equations from 2 studies performed in Taiwan (n ϭ 121) 8 and Korea (n ϭ 202) 9 were derived from anthropometric and polysomnographic data similar to our study. BMI and AHI were identified as independent predictors of optimal CPAP. But their equations were not validated. In contrast, we validated our formula in a separate validation group and compared it with the Hoffstein formula. In addition, daytime sleepiness assessed by ESS was identified as an independent predictor and so was included in our equation. In another Japanese study, 13 a predictive equation was derived from anthropometric, polysomnographic, and cephalometric data of 170 Japanese OSA subjects, and the authors validated their equation in another 110 subjects. They found AHI, BMI, mean S pO 2 , and a cephalometric parameter (the angle between a line from point B to the menton and a line from menton to the hyoid bone) as independent predictors of optimal CPAP. This equation accounted for 47% of the variance in optimal pressure, which was somewhat higher than that of our equation (38.9%). This finding suggested that optimal CPAP level was more accurately predicted by combining a cephalometric parameter with BMI and polysomnographic data.
There is evidence of sex differences in the clinical presentation and polysomnographic findings of OSA. Males experience OSA at 2 to 3 times the rate of females, 26 present with OSA at a younger age, 27 and have a higher AHI 28,29 than females. In contrast, females are likely to be more obese, with a smaller neck circumference than males. 30 These sex differences may be expected to influence optimal CPAP pressure in patients with OSA. Schiza et al 31 evaluated sex effect on a CPAP predicting equation and found that sex was a statistically significant factor to predict CPAP pressure by linear regression. So they separately developed prediction formulae for each male and female. Our study population included a majority of males, which was similar to male predominance in OSA, by a ratio of 8:1 in the laboratory sample. 32 Therefore, our equation was developed and validated in a mostly male population, and did not take sex effect into account.
Our formula provided an optimal estimation of CPAP pressure for a low proportion of subjects (38.8%), which was similar when the Hoffstein formula was applied to our study population. Therefore, a predictive equation is not a sufficient substitute for the manual CPAP titration. However, the use of a CPAP prediction formula may improve manual CPAP titration success by increasing the starting pressure of the titration, especially during split-night studies. Rowley et al 30 reported that the use of a CPAP prediction formula increased the percentage of successful stud- ies from 50% to 68%, for which the AHI at the final level tested was Յ 50% of baseline and Յ 10 events/h.
Conclusions
In summary, a CPAP prediction equation for Asian OSA subjects was developed and validated in this study. Although our equation was somewhat better to predict optimal CPAP level in Asian subjects than the Hoffstein equation, the CPAP prediction equation did not accurately predict the prescribed CPAP level. Therefore, its usefulness is limited in some clinical settings.
